Ghrelin, an orexigenic 28 amino-acid peptide, has been studied primarily in relation to the control of appetite and fat metabolism. In addition to these well-known functions, ghrelin, and its target receptors, growth hormone secretagogue receptors (GHS-Rs), have been localized to neutrophils, lymphocytes and macrophages suggesting that ghrelin may be involved in immune modulation. To assess the therapeutic role of ghrelin in production of pro-inflammatory and anti-inflammatory cytokines, the effects of exogenous ghrelin administration on the regulation of cytokine release in lipopolysaccharide (LPS)-activated murine RAW 264.7 macrophages were analyzed. Ghrelin and GHS-Rs are expressed in murine macrophages. In addition, exogenous ghrelin inhibited the production of pro-inflammatory cytokines IL-1β & TNF-α in LPS-stimulated murine macrophages in a dose dependent and time-dependent fashion. Exogenous ghrelin pretreatment resulted in a decrease in LPS-induced NFκB activation and was presumably the reason for this ghrelin-mediated effect. In contrast to these findings, exogenous ghrelin significantly augmented the release of the anti-inflammatory cytokine IL-10 in a dose dependent and time-dependent fashion from LPSstimulated murine macrophages. Ghrelin administration enhanced activation of p38 MAPK, which is known to control the release of IL-10 in macrophages independent of the NFκB pathway. These effects of ghrelin on both pro-and anti-inflammatory cytokines were offset when a specific GHS-R receptor antagonist was added to the culture media. In conclusion, these data suggest that ghrelin has potent anti-inflammatory properties through modulation of secretion of both pro-and antiinflammatory cytokines from LPS-stimulated macrophages through distinct signaling cascades. Therapeutic utility of ghrelin to control, modulate or treat pathologic inflammatory conditions like endotoxemic shock and ulcerative colitis requires further investigation.
INTRODUCTION
Ghrelin is a 28 amino acid acylated peptide, which is produced and secreted principally by the X/A-like enteroendocrine cells of the stomach 1,2 . Ghrelin causes robust stimulation of growth hormone secretion via a G protein-coupled growth hormone secretagogue receptor (GHS-R) 3 . Two GHS receptors subtypes, GHS-R1a & GHS-R1b have been identified 3 . The GHS-R type 1a receptor mediates ghrelin's effects on growth hormone secretion 3 . GHR-R 1b still lacks any known function 3 . It is theorized that additional functional GHS-Rs may exist which mediate ghrelin's non-endocrine activities, but these putative receptors have not yet been identified or characterized 4,5,6 . Initial interest in ghrelin has focused on its appetite-stimulant effects. It is currently the only known circulating orexigenic agent that antagonizes the leptin-induced decrease in food intake through activation of the hypothalamic neuropeptide Y-Y1 pathway 1,2 . Further investigation revealed that ghrelin has diverse biologic functions in vivo and in vitro, which extend beyond its effects on the central nervous system 1,2 . For example, ghrelin increases cell proliferation and inhibits apoptosis in vitro including enterocytes 7-11 . Ghrelin is now known to have a wide spectrum of effects on the endocrine, reproductive, and cardiovascular systems, and it is expected that additional functions of this potent hormone will be identified given the wide distribution of GHS-Rs throughout a variety of tissues and cell types 1,2 .
Recently, new evidence has pointed toward the potential role of ghrelin in influencing the immune system. This observation includes both in vitro and in vivo data that indicate that ghrelin receptors are present in leukocytes, some leukocytes endogenously produce ghrelin (e.g., T cells and human peripheral blood mononuclear cells), and the exogenous administration of ghrelin may ameliorate pathologic inflammatory conditions 12-20 .
The mechanism by which ghrelin ameliorates the inflammatory response has been studied partially. Initial studies suggest that ghrelin may affect not only the pro-inflammatory Th1 responses but also the Th2 anti-inflammatory response through augmented release of IL-10. 14,20, 30 Li et al have shown that ghrelin inhibits activation of NFκB in umbilical endothelial cells to reduce the production of pro-inflammatory cytokines, a well-known transcription factor to govern the production of many pro-inflammatory cytokines during inflammatory insult. 20 In addition, ghrelin also induces the production of anti-inflammatory cytokine such as IL-10 in murine model of colitis. Nevertheless, much further study in this area is warranted to improve our understanding of the actions of ghrelin in lymphoid tissues. 14 One potential mechanism could be recruitment of p38 MAPK by ghrelin, which is a wellknown signaling entity that controls the production of IL-10 in macrophages through the transcription factor, Sp1. 30
The current study was designed to examine the effects of exogenous ghrelin on LPS-induced release of pro-inflammatory and anti-inflammatory cytokines in murine macrophages in vitro and to characterize the signaling mechanisms. Our results both indicate a potent and beneficial effect of exogenous ghrelin in inflammation and identifies possible mechanisms through which previous findings 13-19 could be better explained. The data in aggregate suggests a therapeutic role for ghrelin in a variety of clinical conditions in which cytokine mediated pathology is central.
MATERIALS AND METHODS

Reagents and chemicals
Rat ghrelin, which has same peptide sequence as of endogenous mouse ghrelin, and the GHS-R antagonist, D[lys-3]-GHRP-6, were purchased from AnaSpec, San Jose, CA. The specific chemical inhibitors of NFκB (6-Amino-4-(4-phenoxyphenylethylamino)quinazoline) and p38 MAPK (SB202190) were purchased from Calbiochem, San Diego, CA. The remaining chemicals required for the studies described were purchased from Sigma Aldrich, St. Louis, MO unless specified.
Cell Culture System
RAW 264.7 cells obtained from American Type Culture Collection (Manassas, VA) were maintained in RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS). These murine macrophages were grown at 37°C in a humidified incubator in 5% CO 2 and 95% air. The RAW 264.7 cells were sub-cultured before confluence and seeded at a density of 5×10 4 cells/ml for the studies described below.
Western Blot Analyses
To obtain cell lysates for Western blot analyses, cells were harvested and rinsed twice with phosphate buffered saline (PBS), pH 7.4. The cells were then lysed with a lysis buffer containing 20mM Tris, pH 7.5, 0.1% Triton X, 0.5% deoxycholate, 1mM phenylmethylsulfonyl fluoride, 10μg/ml aprotinin, and 10μg/ml leupeptin followed by centrifugation at 12000g at 4°C. For nuclear proteins, cells were resuspended in hypotonic buffer on ice, detergent was added to 0.5%, nuclei were pelleted, then suspended in nuclear protein extract buffer [50 mmol/L HEPES (pH 7.8), 300 mmol/L NaCl, 50 mmol/L KCl, 0.1 mmol/L EDTA, 10% (v/v) glycerol] on ice for 30 min, and spun with the supernatant saved. The pellet was resuspended in lysis buffer with 1% detergent, sonicated on ice, and pelleted; the supernatant contained membrane proteins. Total protein concentration was measured in the resultant extracts using the BCA assay kit according to the manufacturer's instructions (Sigma, St Louis, MO) with bovine serum albumin as a standard. Cell extracts containing 30μg total protein were subjected to SDS/PAGE, and the resolved proteins transferred electrophoretically to PVDF membranes (Invitrogen, Carlsbad, CA). After blocking with PBS containing 0.2% casein for 1 h at room temperature, membranes were incubated with primary antibodies in PBS containing 0.1% Tween 20 overnight at 4°C. After incubation with the secondary antibody, Vecstain™ ABC kit and DAB liquid substrate were used for chromogenic detection according to the manufacturer's instructions.
The primary antibodies used were polyclonal, goat, anti-ghrelin (sc-10368; Santa Cruz Biotechnolgy, Santa Cruz, CA) and rabbit anti-GHS-R antibodies (sc-20748; Santa Cruz Biotechnolgy, Santa Cruz, CA). Other antibodies used were monoclonal mouse anti-NFκB p65, p-p38 MAPK and p38 MAPK (Santa Cruz Biotechnolgy, Santa Cruz, CA). Ghrelin and cell lysates from rat stomach were used as positive controls, and cell lysate from rat cerebral cortex was used as a negative control in blots for detection of ghrelin at the protein level. Similarly, cell lysates from rat hypothalamus/pituitary gland and cerebral cortex were used as positive and negative controls, respectively, for GHS-R.
Immunoflorescence
For the localization of the GHS-R and ghrelin in subcelluar compartments, RAW 264.7 cells were tagged with ghrelin and GHS-R antibodies and were enhanced with FITC-labeled secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Briefly, RAW 264.7 cells were grown in chamber slides to 70% confluence, washed with PBS, fixed with acetone for 5 min and blocked with 1x Casein solution for 20 min. Primary antibodies raised against ghrelin and GHS-R were applied for an hour at a dilution of 1:400 dissolved in PBS. FITC-labeled secondary antibodies were applied for 30 min. Finally, the cells were stained by Hoechst 33342 for 10 min to localize nuclei as reference point. For the negative controls, the primary antibodies were excluded from the staining procedure described above. The slides were analyzed by fluorescence microscopy. For immuno-staining of nuclear p65 subunit of the NFκB, the exact same procedure was used after various treatments as described in the figure legend.
Cell Viability Assay
Cell viabilty was quantified by 3-(4, 5-dimethylthiazolyl-2yl)-2, 5-diphenyltetrazolium (MTT) assay. Cells were seeded into 96-well plates at a density of 5×10 5 cells per well and were serum "starved" overnight before any peptide treatment. Cells were treated with lipopolysaccharide (LPS) (0-1μg/ml) in the presence or absence of n-octonylated ghrelin (AnaSpec, San Jose, CA) dissolved in PBS at concentrations ranging from 0 to 1 μM. After 24 h, the media were aspirated and cells quantified by MTT assay (Trevigen Inc, Gaithersburg, MD) according to the manufacturer's instructions. The plates were read using a V max microplate spectrophotometer (Molecular Devices, Sunnyvale, CA) at a wavelength of 562nm. Each independent experiment was performed four times.
Measurement of Cytokines by ELISA
The cells were treated with LPS, ghrelin, and GHS-R antagonist (D[lys-3]-GHRP-6) as required for 0-24 h in 24 well plates. Briefly, RAW264.7 cells were seeded in 24-well plates at a density of 5×10 5 cells/ml. The cells were allowed to attach to the bottom of the plates fro 24 h. The cells were "serum-starved" for 12 h before treating with various doses of ghrelin for 4 h. Following the pre-treatment with ghrelin, cells were treated with LPS (1μg/ml) for various time points ranging from 0-24 h. The supernatants were collected at specific times (0-24 h) and were stored immediately at -70 °C till the time of analysis. TNF-α and IL-1β ELISA kits (TiterZyme, An Arbor, MI) and IL-10 ELISA kit (Cell Sciences, Canton, MA) were used to measure these cytokines according to the manufacturer's instructions.
Statistical Analyses
All data were expressed as means ± SD for a series of 'n' number of the experiments. ANOVA was utilized followed by Tukey's post hoc comparisons to determine statistically significant differences between the groups. A p value of less than 0.05 was considered significant. All of the statistics were performed using the program Statistica (StatSoft Inc. Tulsa, OK).
RESULTS
RAW264.7 macrophages were incubated for 24 h with LPS at doses ranging from 0 to 1 μg/ ml in the absence or presence of ghrelin (0-1μM). Cell viability and proliferation were not altered under any of these conditions as assessed using the MTT assay (data not shown). Subsequent studies were done within this dose range of LPS and ghrelin.
Next, Western blotting demonstrated that both ghrelin and GHS-R were expressed by the macrophages at the protein level (Figure 1a) . Immuno-fluorescence demonstrated that GHS-R was localized to the cell membrane (Figure1b, Panels D-F), while ghrelin was localized to the cell membrane and intracellularly (Figure 1b , Panels G-I). This observation indicates that ghrelin and its receptors are present in the macrophages and is consistent with the hypothesis that ghrelin can directly affect macrophage function through its receptors and not by some indirect means.
LPS is known to stimulate release of IL1-β and TNF-α in a dose-dependent fashion in RAW 264.7 cells as demonstrated by others previously 17,18 . Pretreatment of macrophages with exogenous ghrelin at doses ranging from 100 pM to 1 μM for 4h prior to LPS stimulation (1 μg/ml) resulted in a dose-dependent inhibition of both IL1-β and TNF-α production (Figures 2a and 3a) . Furthermore, the time-dependent production of these two cytokines induced by LPS (1 μg/ml) was down-regulated by pretreatment with ghrelin (100nM) (Figure 2b and 3b) , however, when the ghrelin pretreatment was carried out in the presence of the GHS-R antagonist (D [lys-3]-GHRP-6), LPS-induced IL1-β production returned to levels equivalent to that observed with incubation with LPS alone (Figure 2c) . Similarly, when the ghrelin pretreatment was carried out in the presence of the GHS-R antagonist, LPS-induced TNF-α production returned to levels nearly equivalent to, but still statistically different from that observed with incubation with LPS alone (Figure 3c ). These results suggest that the effects of ghrelin pre-treatment on LPS-induced pro-inflammatory cytokine production are mediated specifically by ghrelin via GHS-R.
Nuclear factor kappa-B (NFκB) is an important transcription factor which controls the production of various pro-inflammatory cytokines, including TNF-α and IL-1β. 21-24 Data from this study indicate that exogenous ghrelin inhibits the translocation of p65 subunit of NFκB from the cytosolic region to the nuclear compartment (Fig. 4a & b) , which is an integral component of the NFκB activation. Furthermore, the chemical antagonism of NFκB by 6-Amino-4-(4-phenoxyphenylethylamino)quinazoline results in the inhibition of p65 subunit translocation in a manner similar to ghrelin. This observation suggests that exogenous ghrelin may inhibit the production of TNF-α and IL-1β via effects on NFκB-controlled transcription.
Interleukin 10 (IL-10) is a cytokine that inhibits inflammatory and mediated responses [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Our data show that pre-treatment with exogenous ghrelin augmented the production of IL-10 in LPS-stimulated macrophages in a dose-dependent and time-dependent manner (Figure 5a and b) . The effect of ghrelin pre-treatment was offset when the GHS-R antagonist (D [lys-3]-GHRP-6) was added to the culture medium (Figure 5c ). These findings indicate that ghrelin specifically enhances the production of the anti-inflammatory system via a GHS-R in contrast to ghrelin's inhibitory effect on the pro-inflammatory cytokines.
Finally, we tried to unravel the mechanism, by which ghrelin could augment the IL-10 release in macrophages. Our Western analysis demonstrated that LPS stimulates the induction of p38 MAPK and that ghrelin pre-treatment enhances the phosphorylation of p38 MAPK (Fig 6) . The antagonism of either GHS-R or p38 MAPK by the specific chemical inhibitor, SB 202190, resulted in the loss of the enhanced p38 MAPK activity, implying that GHS-R lies upstream to p38 MAPK and p-p38 MAPK signaling. These findings are consistent with the work of Wei Ma et al's, who have shown that IL-10 release is dependent on the p38MAPK pathway and is independent of NFκB signaling. 30
DISCUSSION
Ghrelin is a relatively novel gastric peptide that has been the focus of intense investigation in recent past due to its role in appetite stimulation. Several additional studies now indicate that ghrelin affects several other organ systems and has quite diverse and far-reaching effects 1,2 . Ghrelin has mitogenic as well as anti-apoptotic effects on various cell types 7-10,12 . Of note, ghrelin and its target receptors (GHS-Rs) have been localized to human neutrophils, lymphocytes, and macrophages suggesting that ghrelin may modulate immune cell responses 12,14 . Other groups have shown that ghrelin inhibits the production of various proinflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-8 in human endothelial cells 13, 14, 20 . Taken together, these data indicate that ghrelin may play an important role in ameliorating immune cell responses and pathologic inflammatory states.
The aim of the present study was to characterize the role of ghrelin in the production of proinflammatory and anti-inflammatory cytokines in murine macrophages. We confirmed initially that ghrelin and the receptor through which it mediates its activities, the growth hormone secretagogue receptor (GHS-R), are both expressed in RAW 264.7 murine macrophages. GHSRs and ghrelin were localized on the plasma membrane. Immuno-fluorescent staining with the ghrelin antibody demonstrated positive staining within the cytoplasm. This latter finding may be due to the fact that the ghrelin antibody used in this study stains for pre-proghrelin as well ghrelin itself. Hence, these stains may be identifying an immature form of ghrelin within the cytoplasm. The co-existence of ghrelin and its receptor within murine macrophages indicate that ghrelin may not only modulate the immune system via an endocrine fashion but also an autocrine / paracrine fashion. Indeed, De Vriese C et al have shown that ghrelin can act in autocrine fashion. 37 The focus of the current study was, however to analyze the effect of exogenous ghrelin at therapeutic doses. We theorize that endogenous ghrelin is not produced in sufficient quantities to neutralize the LPS-induced cytokine production but therapeutic doses of ghrelin administered exogenously may have significant neutralizing capability. This assumption, however, does not completely rule out the potential role of endogenously produced ghrelin in modulation of the macrophage function under other pathologic conditions.
In the next series of experiments, we examined the effect of ghrelin on LPS-induced production of IL-1β & TNF-α by the murine macrophages. Ghrelin inhibited the release of these proinflammatory cytokines in a dose-dependent and time-dependent fashion through GHS-R. Our findings are consistent with recently published results of Dixit et al who demonstrated that ghrelin is produced endogenously and secreted by T cells and human peripheral blood mononuclear cells (PBMCs) and inhibits the secretion of IL-1 β, IL-6, and TNF-α secretion from LPS-treated human PBMCs 13 . These observations are further corroborated by the studies of Gozalez-Rey and Ceranowicz P et al's in which they showed that ghrelin had beneficial effects in rodent models of colitis and pancreatitis 14,15 . It has also been shown that proinflammatory cytokine production is decreased after LPS challenge when rodents are pretreated with ghrelin in vivo 20 . Hence, our results and the limited number of other studies done in this area demonstrate consistently that ghrelin inhibits pro-inflammatory cytokine production after an LPS challenge in different types of immune cells.
Of note, the mechanism of ghrelin's suppressive effect on pro-inflammatory cytokine production in LPS-stimulated murine macrophages is poorly understood. Hence, we examined a potential mechanism underlying our findings. The transcription factor, NF-κB at least in part, controls the production of many pro-inflammatory cytokines, including IL-1β and TNF-α 24 . The promotor region for NFκB has been localized on many pro-inflammatory cytokine genes and forms the basis of simultaneous release of those cytokines during inflammatory cascade. 21 Consistent with the findings of Li et al's, we found that ghrelin inhibited the translocation of LPS-induced NF-κB (p65) into the nucleus in murine macrophages, which might be one explanation for the suppressive effects of ghrelin on pro-inflammatory cytokine production by the macrophages after LPS-stimulation. This mechanism warrants further investigation.
The role of ghrelin in mediating the release of anti-inflammatory cytokines such as IL-10 was also sought. . IL-10 is a pleiotropic cytokine that is produced by a wide variety of cell types, including CD41 Th0 and Th2 cells, CD81 T cells, B cells, and monocytes/macrophages. 30 It inhibits antigen-driven activity of both Th1 and Th2 subsets, although it facilitates the induction of Th2 cell types. Our results demonstrate that ghrelin increases IL-10 production, after an LPS challenge of murine macrophages and increases the time-dependent course of IL-10 secretion through GHS-R. These findings may explain the anti-inflammatory findings observed by Gonzalez-Rey at al when they administered ghrelin in a murine model of colitis. 14 Our results, however, show that the augmented response of ghrelin on IL-10 release is not so dramatic. The potential reason for this could be because Th2 responses play a relatively less active role in combating inflammatory cascade.
The mechanism by which ghrelin may augments simultaneously the anti-inflammatory cytokine production and inhibit pro-inflammatory cytokines release is not clear. The involvement of differential cellular signaling pathways might provide an explanation for this biologic phenomenon. In contrast to other pro-inflammatory cytokines, the NFκB promotor region has not been found on the IL-10 promotor sequence. Some investigators, however have suggested 30 that p38 MAP kinase plays a vital role in IL-10 synthesis after stimulation of human monocytes with LPS. LPS-induced cell signaling is known to involve activation of range of MAPK family members, including p38, p42/44 ERK, and JNK MAPK. The p38 MAP kinase, in particular, has been suggested to regulate IL-10 synthesis through activation of Sp1 transcription factor in human monocytic cells rather through NF-κB pathway. 30 In our study, we found that ghrelin markedly enhanced the activation of p38 MAPK through GHS-R. Hence, these findings for ghrelin and p38 MAKP may represent a mechanism underlying our ghrelinrelated IL-10 data and explain why ghrelin has opposite effects on TNF-α and IL-1β, which appear to be related to alterations in NFκB activation. In the future, it would be interesting to characterize the molecular machinery in thorough detail, by which ghrelin differentially regulates the activation of NF-κB pathway and p38 MAPK pathway to mediate Th1 and Th2 responses simultaneously.
During the detailed immunologic work over last decade it has become clear that during pathologic inflammatory conditions, like inflammatory bowel disease and septic shock, the physiologic balance of these cytokines may be lost in favor of pro-inflammatory cytokine production and result in acute exacerbation of inflammatory response overall. In the past, the targeting of individual cytokines has yielded limited efficacy in combating these acute exacerbations. Ghrelin administration may offer an option for targeting multiple sites of the inflammatory cascade to control debilitating or even life-threatening inflammatory processes 15-19 . Of note, it has already been demonstrated that ghrelin improves survival in models of rat fecal peritonitis and endotoxic shock and is associated with decreased TNF-α production 17,20 .
Obesity itself may represent a pro-inflammatory state. 38 Given that obese people have suppression of ghrelin levels, it is possible that loss of ghrelin-mediated control of the proinflammatory state may be a mechanism underlying the findings in obese individuals. Even though there are too many missing links between this theory and currently available experimental evidence, this hypothesis warrants further investigation as we strive to understand the pathophysiology of obesity. The role of ghrelin in H. pylori induced gastritis, another inflammatory state, also warrants further investigation. 14
In conclusion, we have demonstrated that ghrelin has potent effects on both pro-inflammatory and anti-inflammatory cytokines in a complementary fashion. The fact that this peptide can inhibit simultaneously pro-inflammatory pathways while augmenting anti-inflammatory elements, suggests a potential mechanism through which ghrelin may protect against pathologic inflammatory conditions. Thus, unlike other interventions, such as individual targeting of various cytokines by antibodies, ghrelin has the advantage of being able to modulate inflammation at multiple levels in complementary fashion. The level of response achieved by ghrelin in suppressing inflammation is similar to other available biologic interventions. 14 Further, study of the role of ghrelin in various inflammatory states and how it may be modulated is required. The measurements are expressed in pg/ml units+/-SD and are derived from three independent experiments. Fig.2a shows that LPS treatment stimulates the release of IL-1β significantly above the negative controls (*, p<0.05 vs. no treatment) and ghrelin pretreatment 4 h prior to LPS treatment (1μg/ml) for 24 h inhibits the release of IL-1β (**, p<0.05 vs. LPS alone). The measurements are expressed in pg/ml units+/-SD and are derived from three independent experiments. Fig.3a shows that LPS stimulates the release of TNF-α from the RAW 264.7 macrophages (*, p<0.05 vs. no treatment) and ghrelin pretreatment 4 h prior to LPS treatment (1μg/ml) for 24 h significantly inhibits release of TNF-α (**, p<0.05 vs. LPS alone). Fig.3b shows that ghrelin mediated inhibition of LPS-induced TNF-α release is time-dependent being most pronounced at 6 hours after LPS treatment (*p<0.05 vs. LPS treatment). The measurements are expressed in pg/ml units+/-SD and are derived from three independent experiments. Fig.5a shows that LPS provides effective stimulation for the release of IL-10 (*, p<0.05 vs. no treatment) and ghrelin pretreatment 4 h prior to LPS treatment (1μg/ml) for 24 h significantly stimulates release of IL-10 (**, p<0.05 vs. LPS alone). Western analysis; RAW 264.7 cells were pre-treated with peptides and chemicals for 1h before stimulation with LPS, cell lysates were harvested 15 min after LPS stimulation and were subjected to Western analysis for p-p38 MAPK, which was subsequently probed with p38 MAPK antibody to measure the total content of p38 MAPK; lane a, no treatment; lane b, LPS (1μg/ml); lane c, ghrelin (100nM) + LPS (1μg/ml); lane d, SB202190 (1μg/ml) + ghrelin (100nM) + LPS (1μg/ml); lane e; D[lys-3]-GHRP-6 (1μg/ml) + ghrelin (100nM) + LPS (1μg/ ml).
